A simple and rapid Fourier Transform infrared (FTIR) spectroscopy method was developed to determine the main essential oil components (carvacrol, thymol and p-cymene) in the antimicrobial LDPE films incorporated with oregano and 1050 cm −1 -1017 cm −1 were respectively used for quantitative estimation. Partial least square (PLS) analysis was used for quantitative analysis. FTIR spectroscopy with chemometrics, using the PLS-1 st derivative spectra, could predict the content of active compounds accurate to an r2 greater than 0.99 and a standard error of prediction (SEP) less than 0.7. The developed method was successfully applied to predict the concentration of active compounds: carvacrol, thymol and p-cymene in oregano and thyme essential oils with results compared to those of the GC-MS method. The described non-destructive method can be applied in the industry instead of extraction, distillation and blend processes of the mentioned essential oils and can be extended to detect the content of carvacrol, thymol and p-cymene in active packaging and other commercial products.
Introduction
Currently, interest in health benefits, along with the demand for products with- [2] .
The composition and structure as well as the functional groups of the oils, play an important role in determining their antimicrobial activity. Usually, compounds with phenolic groups are most effective [5] . Although many studies have demonstrated the antimicrobial effect of essential oils and their active compounds against a broad spectrum of pathogenic bacteria in food [6] [7] [8] , there are very few publications that discuss their incorporation as additives in packaging materials [9] [10] [11] [12] [13] . Given that the US Food and Drug Administration categorizes natural extracts such as essential oils (EOs) and their constituents as generally recognized as safe, packaging manufacturers and demanding consumers consider the incorporation of these natural extracts in plastic films an appealing way of avoiding microbial food spoilage [14] .
Active packages that release active agents have been demonstrated as efficient systems to extend the shelf life or to improve the quality and safety of manufactured packaged food [15] . In such systems, the active agents are supported or adsorbed on a solid matrix from which they are released to the atmosphere and act as food-protecting agents. Antimicrobial packaging, an innovative concept, can be defined as a kind of active packaging in which the package, the product, and the environment interact to reduce, inhibit, or retard the growth rate of microorganisms [11] . In these technologies, researchers are developing food packaging materials such as synthetic films [10] [11] [12] and edible films [16] - [22] with antimicrobial properties. Polymers are effective vehicles for the active substances [23] , giving the possibility to incorporate different antimicrobial additives [1] [24] [25] [26] .
Gas chromatography-mass spectrometry (GC-MS) is the most commonly used method for the determination of essential oil components. Components existing in the essential oil can be identified by comparing their relative retention times and their mass spectra. Alternatively, some spectroscopic methods (NIR, IR and Raman) have been successfully applied to identify the main components of the oil and to distinguish different species/chemotypes of various spice plants [27] [28] . analyze the spectra is an important step in spectroscopy. The most commonly used multivariate calibration methods are partial least squares (PLS) [29] [30] [31] and principal components (PCA) [32] . The success of these methods depends upon the choice of proper spectral data and the number of variables employed in the calibration model.
The aim of this study was to develop a direct, rapid, simple and nondestructive spectroscopy method in order to identify and quantify three active compounds (carvacrol, thymol and p-cymene) on active antimicrobial packaging material.
The antimicrobial packaging was developed by incorporating known concentrations (w/w) of essentials oils of oregano (Origanum vulgare) and thyme (Thymus vulgaris) into low density polyethylene (LDPE), suitable for use as food packaging material.
Materials and Methods (Experimental)

Materials
Essential oils (EOs) of thyme (Thymus vulgaris) and oregano (Origanum vulgare) were used as the antimicrobial agents. The EOs were obtained from Primavera Life (Sulzberg, Germany) and were selected for their high antimicrobial activity and wide availability. The polymer used in these studies was LDPE (PEMEX 20020X, Monterrey, Mexico); attractive characteristics of this polymer include ease of processing, chemically inertness, and low cost. The following chemical substances were used as standards in the analyses of the GC-MS and ATR-FTIR: carvacrol (>98%, CAS 499-75-2), thymol (>99%, CAS 89-83-8) and p-cymene (>99.5%, CAS 99-87-6) by Fluka (Sigma-Aldrich Co., Distrito Federal, Mexico).
Development of Antimicrobial Films
Pure essential oils of oregano and thyme were incorporated into plastic polymers.
The EOs were incorporated into polyolefin films by using two processing methods that would not compromise the antimicrobial potency of the oils: an ionizing treatment and extrusion [13] .
Ionizing Treatment
In this process, the EOs were incorporated by deposition on the surface of the film after surface modification by using an ionizing treatment. Initially, LDPE films were produced using a single screw extruder (Kilion Extruders Inc., Verona, The samples were placed in an incubator (30˚C ± 2˚C) to evaporate the solvents.
LDPE films incorporating 1% and 4% (w/w) of EOs and control films without EO were produced.
Extrusion
The EOs were preblended with LDPE polymer resin into a master batch (Brabender Instruments, Inc., South Hackensack, NJ, USA). Two hundred fifty grams of resin was added to the mixer with 40 ml of EO at 110˚C and 50 rpm for 30 min. The preblended oil resin was then ground in a knife mill to produce 2 mm fragments and finally incorporated with virgin resin pellets in a single screw extruder (Kilion Extruders Inc.) with an L/D ratio screw of 24:1 and an operating speed of 30 rpm. The temperature profile from the fed zone to the die was 120/155/175/175˚C. The extrusion and master batch temperatures of the LDPE (120˚C -190˚C) were changed to protect the active oil compounds from oxidation. LDPE films incorporating 1% and 4% (w/w) of EOs and control films without EOs were produced.
The antimicrobial packaging materials developed by these processes were immediately wrapped in aluminum foil to minimize the loss of the antimicrobial agent by evaporation and were then stored at room temperature for up to 1 week prior to testing.
Gas Chromatography-Mass Spectrometric (GC-MS) Analysis
The analysis of the essential oils was taken by using a Agilent 6890 gas chromatograph (Agilent Technologies, México), equipped with a Agilent 5973-mass selective detector and a capillary column HP-5 MS (30 m × 0.25 mm, 0.25 μm film thickness). The column temperature program for the gas chromatography was as follows: initial temperature, 75˚C, followed by gradients of 15˚C/min to 200˚C, then 10˚C/min to 290˚C, which was held for 5 min. The injector temperature was 250˚C; injection was in splitless mode (50:1). The carrier gas was helium (99.999% purity, 1.0 mL/min) supplied by AOC (Monterrey, México). For GC-MS detection an electron ionization system was used with ionization energy of 70 eV. Diluted samples of 0.5 μL (1/100 in acetone) were injected. Identification of the components was based on their relative retention time and their mass spectra in comparison with those observed by the references.
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) Analysis
Infrared spectra of the chemical references, EOs and antimicrobial packaging . The ATR crystal was carefully cleaned with pure chloroform between measurements. Spectra were collected in duplicate and used for multivariate analysis.
Chemometrics: Multivariate Analysis
The characteristic vibration frequencies of functional groups of the pure substances spectrum were used in the statistical model as well as individually to determine the best or significant ranges of the spectra that would provide the best prediction. The selected ranges were then used to estimate the concentration of carvacrol, thymol and p-cymene in EOs and antimicrobial films. XLSTAT2007
software was use for quantitative analysis using PLS method. It was obtained calibration models with the transformed 1 st derivate and the original spectra and the optimum number of calibration factors was selected based on the predicted residual sum of squares (PRESS), which was minimized, while maximizing the r2 from regression. The correlation coefficient was determined and the predictability of the models was tested by computing the standard error of calibration (SEC) for the calibration data sets and the standard error of prediction (SEP) for the validation data sets.
Calibration and Validation Models
Stock solution of 80 g per 100 mL was prepared by dissolving chemical stan- 
Results and Discussion
The antimicrobial active LDPE films with thyme and oregano EOs was performed by using two different methods. LDPE packaging films with thickness of 
Vibrational Spectra Analysis of the Pure Active Compounds Carvacrol, Thymol and P-Cymene by ATR-FTIR
Detailed spectra analysis of the investigated oils is based on their spectra vibrational form. Table 1 shows different bands observed in each active compound spectrum with the respective assignment of their bonds corresponding to the mode of vibration. The ATR-FTIR spectra of terpenoid compounds, which are present in the investigated essential oils as active compounds, have been recorded (cf. Figure 1 ). All of them show some characteristic key absorbance bands, which can be used for discrimination among carvacrol (A), thymol (B) and p-cymene (C).
The spectrum of p-cymene (cf. Figure 1(C) ) shows the C=C stretching vibration of the aromatic ring in the range from 1500 to 1400 cm −1 , and the isopropyl methyl group symmetric bending vibration is observed at 1381 cm , while the strong double band at 813 cm −1 is assigned to the phenyl nucleus breathing mode. This peak's shape is probably affected by the different substituents of the para-substituted phenyl [33] [34]. The ATR-FTIR spectra of carvacrol (cf. Figure 1(A) ) and thymol (cf. Figure  1(B) ) show the same bands in the range 1600 -1585 for C=C stretching vibration and bands at 1381 cm −1 and 1362 cm −1 for isopropyl methyl group. Isomeric compounds like thymol and carvacrol show characteristic differences in the fingerprint region. In ATR-FTIR spectra ring vibration of thymol is seen at 807 cm −1 , while for carvacrol this corresponding signal appears at 811 cm −1 . These bands are usually very intense in FTIR and can be attributed to out-of-plane CH wagging vibrations, which are the most significant signals used in distinguishing different types of aromatic ring substitutions [35] . Furthermore, key characteristic peaks of carvacrol occur at 862, 837, 994, 1116 and 1173 cm −1 , whereas absorptions relating to thymol vibrations are found at 877, 945, 1044, 1087, 1153 and 1289 cm −1 .
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Spectral Identification of the Individual Active Compounds in the EOs by ATR-FTIR
The analyzed essential oil samples were measured by ATR-FTIR spectroscopy (cf. Figure 2) . A comparison of spectral characteristics between essential oils (see Figure 2 ) and reference standard compound (Figure 1 ) clearly shows that the major substances occurring in individual essential oils dominate the resulting vibration spectra. Accordingly, the spectra of the individual essential oils exhibit molecular vibration profiles very similar to that of their main components and all the key absorbance bands listed in Table 1 were found for the two types of essential oils.
Those compounds, which are present in essential oils at low concentration, do . Both, the O. vulgare and T. vulgaris EOs presents sensitive bands for the change of p-cymene concentration at 1514, 1056 and 1020 cm −1 (cf. Figure 3 (B) and Figure 4 (B)). Table 2 shows a PLS analysis of different ranges of the spectrum of the active compounds. We determined the spectrum range that could provide the best prediction. For carvacrol, when complete spectrum were used in the range 1300 cm higher value of r2, but when the range was used between 1125 cm 
Identification of Significant Range of Spectrum for Analysis
Calibration Model for Quantitative Analysis of Active Compounds
The PLS model performance indicators with their original and first derivate spectra as input are shown in Table 3 . Values of r2 were greater than 0.99 for the calibration as well as validation data sets and the SEC and SEP estimates were lower than 0.9. The PLS model with 1st derivate gave slightly better results. The factor of analysis for the models obtained using the best range of the spectra identifies above was one, thereby indicating the consistency of prediction. Since the PLS-1 st derivate was consistently a better predictor, this technique was used to further validate and test the model. The minimum detection limit for this ATR-FTIR method was found as low as 1 mg/g.
Determination of the Active Compounds: Carvacrol, Thymol and P-Cymene in Oregano and Thyme Essential Oils by ATR-FTIR Method
Oregano and thyme essential EOs were analyzed by using the calibration model developed and compared with the GC-MS method (Table 4 Data are expressed as mean ± standard deviation (N = 3).
(7.6% (w/w)) and p-cymene (6.0% (w/w)) as the major constituents with retention times of 9.37, 9.25 and 5.70, respectively. In thyme essential oil the most abundant compounds were thymol (44.4% (w/w)), p-cymene (16.8% (w/w)) and carvacrol (5.12% (w/w)) with retention times of 9.26, 5.70, and 9.41, respectively.
Several authors have found that the inhibitory effect of oregano and thyme EOs was due to the high concentration of phenolic compounds such as carvacrol and thymol [6] [7] . Thyme EO is rich in thymol and carvacrol, which yield considerable antioxidative and antimicrobial effects [36] [37] [38] [39] reported that, thyme essential oil contained mainly carvacrol and thymol, and p-cymene and gamma-terpine.
However, only carvacrol and thymol displayed favorable bacteriostatic and bactericidal properties. Carvacrol and thymol (the major components of oregano and thyme EOs) were able to disintegrate the outer membrane of gram-negative bacteria, releasing lipopolysaccharides and increasing the permeability of the cytoplasmic membrane to ATP [2] .
The results obtained by the ATR-FTIR method (Table 4) were found to be slightly higher compared to those of the GC-MS method. Using the GC-MS method as reference, percent prediction error the active compounds in essentials oils analyzed were found to be in the range between 1.4% and 5.1%.
Traceability of the Active Compounds: Carvacrol, Thymol and P-Cymene in Antimicrobial LDPE Films by ATR-FTIR
The content of active compounds in the antimicrobial LDPE films formulated was determined by the calibration model. The results obtained by the ATR-FTIR method were showed in the Table 5 . Three samples of each antimicrobial LDPE films developed by ionizing treatment and by extrusion process were analyzed.
The ATR-FTIR spectrum of each film was obtained and the FTIR spectrum of LDPE films without essential oils was used as background. Only was identified the active compounds of the essential oils on the antimicrobial film.
In the LDPE active films developed by using ionizing and extrusion method incorporating 4% (w/w) of oregano EO were identified the active compounds (carvacrol and thymol) and for those incorporating 4% (w/w) of thyme EO were identified the active compounds (thymol and p-cymene). For antimicrobial films incorporated with 1% (w/w) of EO only the principal compounds was identified.
Although antimicrobial films developed by using the ionization incorporating 1% (w/w) of EOs were observed the presence the EOs in the matrix of the polymer, this concentration was not effective against any test microorganism. Other compounds related to the essential oils presented in low concentration were not detected in the antimicrobial films; probably its concentration was lower than the detection limit or the EOs were not presented in the matrix of polymer. The antimicrobial packaging films developed by extrusion have showed a major amount of active compounds than by the ionizing treatment. These results demonstrated that the better antimicrobial activity of the active films developed by extrusion process is due to the presence of more active compounds on the polymer matrix.
The advantage of including essential oils during the extrusion process is that the incorporation of these into the polymer matrix is more effective and homogeneous and the active compounds are more protected from oxidation or degradation by light and oxygen compared to the deposition technique of the oils on the ionized surface of the film where they are exposed to these factors.
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Conclusion
A rapid and simple FTIR procedure was developed to directly determine the concentration of active compounds of the essential oils: carvacrol, thymol and p-cymene in oregano and thyme essential oils and in the antimicrobial LDPE films incorporated with these EOs. PLS-1 st derivative calibration models were developed by using the spectra in the range between 1125 cm −1 -1095 cm −1 for carvacrol, 1170 cm −1 -1140 cm −1 for thymol and 1050 cm −1 -1017 cm −1 for p-cymene. The FTIR method developed was fast and low cost than the conventional method by GC-MS. The ATR-FTIR method is cost effective and analysis could be done in less than 5 min and this analytical technique can be extended to detect the concentration of active compounds of oregano and thyme essential oils in other commercial products.
